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ABSTRACT 

We present the results of infrared 2.8-4.1 /im (L-band) spectroscopy of nearby infrared luminous 
galaxies with possible signatures of dust-obscured active galactic nuclei (AGNs) in data at other 
wavelengths. The samples are chosen to include sources with a radio excess relative to far-infrared 
emission, strong absorption features in mid-infrared 5-11.5 /jm spectra, unusually weak [CII] 158 /im 
emission relative to the far-infrared continuum, and radio galaxies classified optically as narrow-line 
objects. Our aim is to investigate whether the signatures of possible obscured AGNs can be detected 
in our L-band spectra, based on the strengths of emission and absorption features. Six of nine 
observed sources clearly show 3.3 /j,m polycyclic aromatic hydrocarbon (PAH) emission features, a 
good starburst indicator. An absorption feature at 3.1 /im due to ice-covered dust is detected in IRAS 
04154+1755 and IRAS 17208—0014. The signature of a bare carbonaceous dust absorption feature at 
3.4 /im is seen in NGC 1377. Our L-band spectra reveal strong signatures of obscured AGNs in all 
three optical Seyfert 2 galaxies (IRAS 04154+1755, Cygnus A, and 3C 234), and two galaxies classified 
optically as non-Seyferts (NGC 828 and NGC 1377). Among the remaining optical non-Seyferts, IRAS 
17208—0014 might also show a buried AGN signature, whereas no explicit AGN evidence is seen in 
the L-band spectra of the mid-infrared absorption-feature source IRAS 15250+3609, and two weak 
[CII] emitters IC 860 and CGCG 1510.8+0725. 

Subject headings: galaxies: active — galaxies: ISM — galaxies: nuclei — galaxies: Seyfert — galax- 
ies: starburst — infrared: galaxies — galaxies: individual: IRAS 04154+1755, 
NGC 828, IRAS 15250+3609, IRAS 17208-0014, NGC 1377, IC 860, CGCG 
1510.8+0725, Cygnus A, 3C 234 



1. INTRODUCTION 

Infrared luminous galaxies (Ltr. > 10 11 L Q ) radiate 
most o f their luminosity as du st emission in the in- 
frared l)Sanders fc Mirabel 119961) . Thus, powerful en- 
ergy sources, e.g., starbursts and/or active galactic nuclei 
(AGNs), must be present hidden behind dust. In the lo- 
cal universe, these infrared luminous galaxi es dominate 
the b right end of the luminosity function (" Soifer et alJ 
1987). In the distant universe, they dominate the cos- 
mic infrared background emission and have been used to 
trace the dust-obscured star-formation rate, dust con- 
tent, and metallicity in the early universe, based on 
the assumption th at they are powered by starbursts 
(Bare er et alJ l2000). Estimating the AGN contribution 
to their infrared luminosities is therefore important, not 
only to obtain a full understanding of the nature of these 
galaxies, but also to study the connections between ob- 
scured AGNs and starbursts in the universe. 

In a powerful AGN that is obscured along our sight- 
line by dust in a torus geometry, the hard radiation 
of AGN can photo-ionize clouds along the torus axis, 
above the torus scale height, and can produce the so- 
called narrow line regions (NLRs; Antonucci 1993; Rob- 
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son 1996). Since the NLRs show optical spectra that 
differ from normal star-forming galaxies, such obscured 
AGNs should be detectable through optical spectroscopy 
(classified as Seyfert 2s; Veilleux & Osterbrock 1987). 
However, since the nucle ar regions of infrared lum inous 
galaxies are very dusty ijSanders fe Mirabel 1 1996|) . vir- 
tually all lines of sight can be opaque to the bulk of 
the ionizing radiation of AGNs. In such buried AGNs 
4 , X-ray dissociation regions (X DRs), which are dom - 
inated by low- ionization species l|Malonev et al.l 11996). 
develop instead of the NLRs, so that it is difficult to 
find AGN signatures using either conventional optical 
spectroscopy or high-resolution infrared spectroscopic 
searches for high-excit ation forbidden emission lines that 
originate in the NLRs iGenzel et aDll998t iVeilleux et alJ 
119991 iMurphv et alJl2001^ . From the spectral shape of 
the cosmic X-ray background emission, it is inferred that 
burie d AGNs are abundant in the universe l)Fabian et alJ 
2002); therefore, establishin g a method with whic h to de- 
tect such optically elusive (Maiolino et alJl2003[) buried 
AGNs is very important. 

To find such buried AGNs, it is necessary to con- 
duct observations at wavelengths with low dust extinc- 
tion. Infrared L-band (2.8-4.1 /im) spectroscopy from 
the ground is one of the most powerful tools for this pur- 
pose. First, dust extinction in the L-band is lower than 
at shorter wavelengths (Al ~ 0.06 x A y ; Rieke fc Lebof - 
sky 1985) and is as low as at 5-13 /im l|Lutz et alill996ft . 

4 We use the term "obscured AGN" if the AGN is obscured along 
our line of sight, and "buried AGN" if the AGN is obscured along 
virtually all sightlines. 
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Second, the contribution from AGN-powered dust emis- 
sion to an observed flux, relative to stellar emission, in- 
creases substantially compared to A < 2 /im. Therefore, 
the detection of buried AGNs becomes more feasible than 
at A < 2 /im. Third, emission from a normal starburst 
and AG N are clearly dis t inguishable based on L-b and 
spectra oorwoo dl fl986l ITrnanishi fc Dudlevl l20f)0T) . A 
strong polycyclic aromatic hydrocarbon (PAH) emission 
feature is usually found a t 3.3 /im in a normal starburst 
galaxy l)Moorwoodlll986|) . In a pure normal starburst, 
high equivalent-width 3.3 /im PAH emission (EW3.3PAH 
~ 100 nm; Moorwood 1986; Imanishi & Dudley 2000) 
should always be found, since the equivalent width is, 
by definition, insensitive to dust extinction of the star- 
burst. In a pure AGN, PAH molecules are destr oyed, 
rather than excited, by X-ray ra diation of the AGN ijVoitl 
ll992tlSiebenmorgen et alJl2004f) so tha t no 3.3 /im PAH 
emission is expected ljMoorwoodlll986|) . I nstead, a fea- 
tureless continuum from submi cron-sized ijDraine fc Leei 
119841: IMathis fc Whiffen] I1989|) hot dust heated by an 
AGN is found, making a PAH-free smooth 3-4 /im spec- 
trum. In an AGN/starburst composite galaxy, 3.3 /im 
PAH emission from the starburst should be found, un- 
less the starburst regions are directly exposed to the X- 
ray radiation of the AGN; however, the PAH emission is 
strongly diluted by the AGN-originating PAH-free con- 
tinuum, so the EW3.3PAH value should be reduced com- 
pared to a pure normal starburst galaxy. Thus, the pres- 
ence of an obscured AGN can be established using the 
EW3.3PAH value. 

If a highly dust-obscured AGN is present, and 
yet the AGN emission contributes significantly to the 
observed L-band flux, then absorption features at 
3.1 and 3.4 /im produced by ice-covered dust and 
bare carbonaceous dust, r e spectively, should be found 
(llmanishi fc Dudley! 120001 llmanishi fc Maloneyl 120031: 
IRisaliti et all I2003L 120061 llmanishi et alJ I2006|) . Al- 
though a normal starburst, in which s tellar energy 
sources and dust are spatially well mixed ifPuxlev I199H 
IMcLeod et aD 119931 iForster Schreiber et alJ 12001 ), ca n 
also show these absorption features ijSturm et alJ 2000). 
there is an upper limi t for t he absorption optical depths 
ijlmanishi fc Malonevl 12001 llmanishi et al J 12006^ . This 
is because in this mixed source/dust geometry, the 
less-obscured, less-attenuated emission from the fore- 
ground (which shows weak dust absorption features) 
makes a stronger contribution to the observed flux 
than the emission from the distant side (which shows 
strong dust absorption features but is highly attenu- 
ated) . Thus, strong dust absorption features whose opti- 
cal depths are larger than the upper limit determined 
by the mixed source/dust geometry indicate that ob- 
scuring dust is present as a fore ground screen distri- 
bution Ijlmanishi fc Malonevll2003t llmanishi et al.H2006j) . 
A compact energy source that is more centrally con- 
centrated than the surrounding d ust, such as a buried 
AGN, is a natural expl anation ijlmanishi fc Malonevl 
120031 Ihnanishi et al.l2006|) . unless a large amount of dust 
in a nearly edge-on host galaxy is present in front of the 
pri mary 3-4 /xm c ontinu um-emitting energy source. 

llmanishi et alJ lj2006|) presented L-band spectra of a 
large number of nearby ultraluminous infrared galax- 
ies (L m > 1O 12 L ; Sanders fc Mirabel 1996) in th e 
well-studied IRAS 1 Jy sample l|Kim fc Sanders! [19981. 



searched for possible signatures of powerful buried AGNs 
in these galaxies, and statistically investigated the prop- 
erties of buried AGNs. However, there also exist several 
ultraluminous infrared galaxies (Lir > 10 12 L Q ) not in- 
cluded in the IRAS 1 Jy sample, as well as galaxies with 
Lir < 10 12 Lq, that show possible signatures of AGNs ob- 
scured behind dust in data at other wavelengths. In this 
paper, we present ground-based L-band spectra of such 
galaxies, with the aim of testing if this L-band spectro- 
scopic method is indeed effective at finding AGN signa- 
tures. Throughout this paper, Ho = 75 km s _1 Mpc -1 , 
f^M = 0.3, and SIa = 0.7 are adopted. 

2. TARGETS 

Infrared luminous galaxies that have the following 
properties were observed. (1) They do not belong to 
ultraluminous infrared galaxies i n the IRAS 1 Jy sampl e 
and thus were not presented bv llmanishi et all |2006). 
(2) Observations at other wavelengths have indicated at 
least some signatures of obscured AGNs. (3) No high- 
quality L-band spectra were published in the literature 
at the time of our observations. Table 1 summarizes the 
observed targets. The sample selection is heterogeneous, 
but our L-band spectra can provide useful information 
about the nature of these interesting galaxies. 

2.1. Radio excess relative to far-infrared emission 

In normal starburst galaxies, the radio and far-infrared 
lumin osities are correlat ed, with a relatively small scat- 
ter (jOondon et al.llT9911) . If a galaxy shows a signifi- 
cant radio excess above this correlation, then the pres- 
ence of a radio-intermedia t e (or radio-loud) AGN is 
suggested. iCrawford et alJ lj!996ft investigated the ra- 
dio to far-infrared luminosity ratios of ultraluminous 
infrared galaxies and found that IRAS 04154+1755 
shows (1) the largest radio excess and (2) a jet-like 
radio structu re. This objec t is cl assified optically as 
a Seyfert 2 ijCrawford et alJ I1996D , so that a power- 
ful radio- intermediate AGN must be present, hidden 
behind torus-shaped dust. No significant 2-10 keV 
X-ray emission from th e putative AGN was detected 
ijlmanishi fc Uencl 1 1999(1 . which suggests that the AGN 
suffers from Compton-thick (Nh > 10 24 cm" 1 ) X-ray ab- 
sorption. 

2.2. Strong ice absorption in mid-infrared 5-11.5 fim 

spectra 

Mid-infrared 5-11.5 /im spectra of many infrared lu- 
min ous galaxies were ta ken with ISO. From these spec- 
tra, ISpoon et alJ lj2002j) selected 18 sources that show 
strong ice absorption features at 6.0 //m (their Table 
1, excluding NGC 253 and M82). To detect ice ab- 
sorption, a significant quantity of dust grains covered 
with an ice mantle must be present in the foreground 
of the continuum-emitting source(s). Such ice-covered 
dust grains are usually found deep inside molecular gas, 
where dust is sufficiently sh ielded from ambient UV radi- 
ation (W hittet et al.llT988fl . A normal starburst galaxy 
with mixed source/dust geometry can produce ice ab- 
sorption features, if a sufficient quantity of ice-covered 
dust is present. An obscured AGN is an alternative can- 
didate, particularly for sources with strong absorption 
and weak PAH emission features (see §1). 
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In the 5-11.5 /Ltm spectra, PAH emission features are 
found at 6.2, 7.7, and 8.6 /zm. In addition to the H2O 
ice absorption at 6.0 ^tm, there are also absorption fea- 
tures due to hydrogenated amorphous carbon (HAC) at 
6.85 and 7.3 /im, and due to silicate dust at 9.7 jum. 
Since these emission and absorption features overlap sig- 
nificantly in wavelength, it is often difficult to distin- 
guish whether these galaxies are absorption-dominated 
(obscured AGN cand idates) or PAH-emi ssion-dominated 
(normal starbursts) ijSpoon et al.l 12002]) . L-band spec- 
troscopy may help to distinguish whether the sources 
are dominated by PAH emission or absorpt ion features 
I|lmanishill200rlalbl llmanishi fc Dudlevll27)0fi . 

Among the 18 strong ice absorption sources, eight 
(IRAS 00188-0856, IRAS 05189-2524, UGC 5101, 
NGC 4418, Mrk 231, NGC 4945, Mrk 2 73, Arp 220) 
have a vailable high quality L-ban d spectra l|Sp oon et al.l 
20001: llmanishi fc Dudley! 1200(1 llmanishi et all 120011: 

Hi IT 
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Of these eight sources, L-band spectra of five sources dis- 
play signatures of obscured AGNs (IRAS 00188-0856, 
IRAS 05189-2524, UGC 5101, Mrk 231, and Mrk 



2000- ITmanishi et all HI 
I llmanishi et alJ l2006|) , sug- 



273) (Imanishi & Dudlc 
llmanishi fc Malonevl 12003 
gesting that this sample contains many obscured AGNs. 
For the remaining ten unobserved sources, we exclude 
four southern sources with declinations < —30° from our 
target list, because they are difficult to observe from 
Mauna Kea, Hawaii, our main observation site. Of 
the remaining six sources, we observed NGC 828, IRAS 
15250+3609, and IRAS 17208-0014, of which IRAS 
15250+3609 shows the strongest absorption and weakest 
PAH emission features, making this source the strongest 
obscured AGN candidate. In addition, NGC 1377 (IRAS 
03344—21 03) is also included, because its mid-infrared 
spectrum (La ureiis et al.ll2000Tl is interpreted as domi- 
nated by strong 9.7 /zm silicat e dust absorption ( tq 7 > 
3.5), with weak PAH emission ijSpoon et al.ll2004|) . 

2.3. Weak [CII] 158 emission relative to the 
far-infrared continuum 

iMalhotra et~all (|1997l) measured the [CII] 158 /mi 
emission lines of 30 optically normal (non-Seyfert) 
star-forming galaxies, and found that three sources, 
NGC 4418, IC 860, and CGCG 1510.8+0725, show 
a significant [CII] deficiency relative to their far- 
infrared continuum luminosities. The presence of buried 
AGNs is a possible ex planation for the [CII] deficiency 
( Malh otra et alJ Il997j) . al though alternative scenario s 
have also been proposed l|Malhotra et alJ 119971 120011) . 
In fact, detailed infrared spectroscopic studies of NGC 
4418 have provided many pieces of evidence for a 
powerful buried AGN llDudlev fc Wvnn- Williams! Il997t 
iSpoon et al.ll200ll IImanishietalTl2*004|) . For this reason. 
IC 860 and CGCG 1510.8+0725 are also included as tar- 
gets, in the expectation that they may be objects similar 
to NGC 4418. 

2.4. Narrow-line radio galaxies 

Narrow-line radio galaxies show Seyfert-2-type op- 
tical spectra. According to the AGN unification 
paradigm, these galaxies are taken to contain power- 
ful radio-loud AGNs hid den behind torus-geometry dust 
(jUrrv fc Padovanilll995]) . It is of interest to investigate 



whether our L-band spectroscopic method can indeed 
successfully detect clear signatures of obscured AGNs in 
these galaxies that are already known to possess obscured 
AGNs. Two nearby narrow-line radio galaxies, Cygnus 
A and 3C 234, are selected. 

Cygn us A is a nearby well-stud ied narrow-line radio 
galaxy l)Osterbrock fc Millerlll975j) . Strong, but moder- 
ately absorbed, power-law X-ray emis sion was detected 
l|Ueno et all 119941 lYoung et all I2002D . suggesting the 
presence of an obscured AGN. Near-infrared (1-4 /zm) 



obscured AGN (Av = 40-150 mag) (Diorgovski et al 


1994 


; Ward 1996; Packham ct al. 




Tadhuntcr ct al. 


1999 


). Based on a mid-infrared 8-13 ^m spec- 



suggested that the energy 
source is more centrally concentrated than the nuclear 
obscuring dust, as is expected for an obscured AGN. 

3C 234 shows a broad Ha emission lin e in its op- 
tical spectrum l|G randi fc Osterbro ck||1978 j). H owever , 
lAntonucci fc Barvainisl <|1990ft and lYoung et"aTl l|1998f) 
argued that the broad component is interpreted as a 
scattered component, rather than a directly transmitted 
component, and that optical classification of this galaxy 
as a narrow-line radio galaxy is more appropriate. The 
dust extinction toward the AGN is estimated to be Ay 
= 60 mag l)Young et, al.lll998D . iSambruna et all <|1999h 
detected intrinsically luminous, moderately absorbed X- 
ray emission from the putative AGN. 

3. OBSERVATIONS AND DATA ANALYSIS 

Infrared L-band spectroscopic observ ations were made 
using infrared spectrographs, IRC S (iKobavashi et alJ 
2000) on the Subaru 8.2-m telescope ijlve et al.l2004|) and 
SpeX l|Ravner et alJl2003l) on the IRTF 3-m telescope. 
Table 2 summarizes a detailed observation log. 

For Subaru IRCS observation runs, the sky was clear 
during the observations and seeing sizes at A = 2.2 /zm 
were measured to be O'/S-C'S in full-width at half max- 
imum (FWHM). A 0'.' 9- wide slit and the L-grism were 
used with a 58-mas pixel scale. The achievable spectral 
resolution was ^140 at 3.5 /im. The position angle of 
the slit was set along the north-south direction. A stan- 
dard telescope nodding technique (ABBA pattern) with 
a throw of 7 arcsec along the slit was employed to sub- 
tract background emission. Each exposure was 1.5-2.0 
sec, and 30-40 coadds were made at each position. 

For the IRTF SpeX observations, we employed the 1.9- 
4.2 /im cross-dispersed mode with a l'/6 wide slit. This 
mode enables L- (2.8-4.1 /im) and if-band (2-2.5 (im) 
spectra to be obtained simultaneously, with a spectral 
resolution of R ~ 500. The sky conditions were clear 
throughout the observations, and seeing sizes at A — 2.2 
/im were in the range O'.'4-l'.'O FWHM. The position an- 
gle of the slit was set along the north-south direction. A 
standard telescope nodding technique with a throw of 7.5 
arcsec was employed along the slit. The telescope track- 
ing was monitored with the infrared slit- viewer of SpeX. 
Each exposure was 15 sec, and 2 coadds were made at 
each position. 

A-, F-, and G-type main sequence stars (Table[2l were 
observed as standard stars, with airmass differences of 
<0.1 to the individual target objects, to correct for the 
transmission of the Earth's atmosphere. The K- and L- 
band magnitudes of the standard stars were estimated 
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from their U-band (0.6 /tm) magnitudes, adopting the 
V — K and V~L colors appropriate to t he stellar types o f 
individual standard stars, respectively l)Tokun aga 2000). 

Standard data analysis procedures were employed, us- 
ing the Image Reduction and Analysis Facility (IRAF) 5 . 
Initially, frames taken with an A (or B) beam were sub- 
tracted from frames taken subsequently with a B (or A) 
beam, and the resulting subtracted frames were added 
and divided by a spectroscopic flat frame. Bad pixels 
and pixels hit by cosmic rays were then replaced with the 
interpolated values from surrounding pixels. Corrections 
for cosmic ray hits were much larger for IRTF SpeX than 
Subaru IRCS. Finally, the spectra of the target objects 
and standard stars were extracted. Wavelength calibra- 
tion was performed taking into account the wavelength- 
dependent transmission of the Earth's atmosphere. The 
spectra of the targets were divided by the observed spec- 
tra of standard stars, multiplied by the spectra of black- 
bodies with temperatures appropriate to the individual 
standard stars (Table [SJ, and then flux-calibrated. Ap- 
propriate binning of spectral elements was performed to 
achieve an adequate signal-to-noise ratio (>10) in most 
of the elements, particularly at A bs < 3.3 /im in the ob- 
served frame, where the Earth's atmospheric transmis- 
sion is poorer than at longer L-band wavelengths. For 
all sources, whole spectral datasets were divided into a 
few sub-groups, and error bars at each spectral element 
were estimated from the scatter of actual signals among 
the sub-groups. 

4. RESULTS 

4.1. L-band spectra 

4.1.1. 3.3 fim PAH emission 

Figure 1 shows flux-calibrated nuclear L-band spectra 
of the nine observed sources. All sources, except NGC 
1377, Cygnus A, and 3C 234, show clear emission features 
at A bs ~ (1 + z) X 3.3 /tin, which we identify as the 3.3 
/tm PAH emission. The detection of the 3.3 /tm PAH 
emission, an indicator of starbursts, means that these 
galaxies contain detectable starburst activity. To esti- 
mate the 3.3 /jm PAH flux, we adopt a template spectral 
shape for Galactic star-forming regions and nearby star- 
burst galaxies (type-1 sources; Tokunaga et al. 1991). 
In this template, the main 3.3 /mi PAH emission profile 
extends between A rcs t = 3.24-3.35 /tm in the rest frame. 
Data points at wavelengths slightly shorter than A rcs t = 
3.24 /jm and slightly longer than A rcst = 3.35 /im, unaf- 
fected by obvious absorption features, are adopted as the 
continuum levels, which are shown as solid lines for PAH- 
detected sources in Figure 1 . For sources with clearly de- 
tectable PAH emission, this template profile reproduces 
the observed 3.3 /tm PAH emission features reasonably 
well, with our spectral resolution and signal-to-noise ra- 
tios, except NGC 828 which displays a slightly broader 
profile than the template (Figure 1, dotted lines). Ta- 
ble 3 summarizes the observed properties of the 3.3 /tm 
PAH emission features. The uncertainties of the 3.3 /tm 
PAH fluxes, estimated from the fittings, are <20% in 

5 IRAF is a general purpose software system distributed by the 
National Optical Astronomy Observatories, which are operated by 
the Association of Universities for Research in Astronomy, Inc. 
(AURA), under cooperative agreement with the National Science 
Foundation. 



all cases. Possible systematic uncertainties coming from 
continuum determination ambiguities are also unlikely 
to exceed 20%, as long as reasonable continuum levels 
are adopted. Thus, total uncertainties of the PAH fluxes 
are taken as <30%. Cygnus A, 3C 234, and NGC 1377 
may also show excesses at the expected wavelength of 3.3 
/im PAH emission, but their significance is marginal; we 
therefore estimate upper limits for the PAH fluxes. 

4.1.2. 3.1 fim H2O ice absorption 

IRAS 04154+1755 (z = 0.056) shows a concave contin- 
uum, which is naturally explained b y the strong, broad 
3.1 um H?0 ice absorption feature llSpoon et alJEoOft 
llmanishi fc Malonevl 120031: llmanishi et al.ll2006lh The 
detection of this ice absorption feature means that the 
L-band continuum-emitting energy source is obscured 
by ice-covered dust grains dee p inside molecu l ar ga s 
l|Whittet et alJ Il988j) . Following llmanishi et~aTI (2006) , 
we adopt a linear continuum to estimate the optical 
depth of this 3.1 /tm H 2 ice absorption (t 3 .i). The 
continuum level varies slightly depending on the adopted 
data points used for the continuum determination. We 
adopt a relatively low continuum level to obtain a conser- 
vative lower limit for the T3.1 value in IRAS 04154+1755. 
It is T3.1 ~ 0.9, which corresponds to Ay ~ 15 mag if the 
Galactic T3 i/Ay ratio (^0.06; Smith et al. 1993; Tanaka 
et al. 1990; Murakawa et al. 2000) is assumed. The ice 
absorption feature of IRAS 04154+1755 has a strong ab- 
sorption wing at A bs = 3.6-3.9 /tm or A res t = 3.4-3.7 
/tm, which resembles the absorption profile of GL 2591 
(a Galactic protostar surrounded by circumstellar mate- 
rial), rather than Elias 16 (a Galactic late-ty pe field star 
behind molecular clouds) (Smii 

The continuum of IRAS 17208-0014 (z = 0.042) is 
also concave-shaped. We obt ain 73.1 ~ 0-4, which is sim- 
ilar to the recent estimate bv lRisaliti et alJ l|2006lL using 
independent data. Unlike IRAS 04154+1755, the ice ab- 
sorption feature of IRAS 17208-0014 has a relatively 
weak absorption wing at A Q b s = 3.55-3.85 /im or A rcst 
= 3.4-3.7 /mi, as s een in Elias 16, rather than GL 2591 
ijSmith et alJll989l) . 

4.1.3. 3.4 fim bare carbonaceous dust absorption 

NGC 1377 (z = 0.005) shows an absorption fea- 
ture that peaks at A b s = 3.4-3.45 /tm, or A rcst ~ 3.4 
/im. We interpret this to be the 3.4 /tm dust ab- 
sorption feature produced by bare carbonaceous dust 
grains, which is found in Galactic stars highly red- 
dened by the diffuse interstellar medium outside molec- 
ular gas dPend leton et all 119941: llmanishi et alJ Il996t 
Rawlings et al. 2003). Its optical depth T3.4 is estimated 
to be 0.17, which corresponds to Ay = 25-40 mag, if 
the dust extinction curve in NGC 1377 is similar to the 
Galactic diffuse interstellar medium (T34/AV ~ 0.004- 
0.007; Pendleton et al. 1994). 

For Cygnus A (z = 0.056) and 3C 234 (z = 0.185), the 
presence of the 3.4 /tm absorption feature in our L-band 
spectra is uncertain. We estimate conservative upper 
limits of T3.4 < 0.2 for both sources, which corresponds 
to Ay < 50 mag toward the L-band continuum emitting 
regions, if the Galactic relation of r 3 .4/Ay ~ 0.004-0.007 
is assumed. The Ay value derived from our L-band spec- 
tra is at the lower end of the range for Cygnus A (Ay = 
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40-150 mag; §2.4) and is smaller than the other estimate 
for 3C 234 (Ay = 60 mag; §2.4). 

4.1.4. [MgVIII]3.028^m emission 

3C 234 (z — 0.185) shows an emission line at A b s ~ 
3.58 /im or A res t ^3.02 /im, which we identify as the [Mg 
VIII] 3.028/im line. We estimate its flux to be fQMgVIII]) 
= 1.5 x 10~ 14 ergs s _1 cm -2 , and its luminosity to be 
L([MgVIII]) = 1.2 x 10 42 ergs s -1 . 

4.2. K-band spectra 

For the two sources observed with IRTF SpeX, i.e., 
IC 860 and CGCG 1510.8+0725 (weak [CII] emitters), 
Lf-band spectra are obtained simultaneously with the L- 
band spectra. Figure 2 shows these if-band spectra. 

The spectra of IC 860 {z = 0.013) and CGCG 
1510.8+0725 (z — 0.013) show gaps in the continuum 
at A Q bs ~ 2.35 /im. We attribute these gaps to CO 
absorptio n features at A rS a t = 2.31-2.4 jtm produced 
by stars ilvanov et alJl2 000i llmanishi fe Alonso-Herrerol 
l2004Hlmanishi fc Wadall2004l). For the oth er weak [CII] 
emitter. NGC 4418 ijMalhotra et al.lll997t). the CO ab - 
sorption feature is clearly detected l|lmanishi et all 2004'). 
To estimate the CO absorption strengths in IC 860 and 
CGCG 1510.8+0725, we adopt the spectrosc opic CO 
index (CO spcc ) defined by iDovon et"aT] |1994T) and fol- 
low t he procedures applied to NGC 4418 ijlmanishi et al.1 
2004). For both IC 860 and CGCG 1510.8+0725, power- 
law continuum levels (F> = a x A' 3 ) are determined us- 
ing data points at A bs = 2.08-2.32 /im (A res t = 2.05-2.29 
/zm), excluding obvious emission lines. The adopted con- 
tinuum levels are shown as dashed lines in Figure 2. Data 
at A bs = 2.34-2.43 /im (A rcst = 2.31-2.40 /im) are used 
to derive the CO spec values. We obtain CO spec ~ 0.1 for 
IC 860 and ~0.2 for CGCG 1510.8+0725. However, the 
continuum determination of IC 860 is less secure than 
CGCG 1510.8+0725 because of the large scatter of con- 
tinuum data points in the former (Figure 2). We try 
several continuum levels within a reasonable range, and 
obtain the largest plausible value of CO spcc ~ 0.2 for IC 
860. 

The typical values observed in star-forming or el- 
liptical (=spheroidal) galaxies are CQ gnfi r > 0.15 
ijGoldader et alJll9973rJlIvanov et al.ll2000|) . Dilution 
of the CO absorption feature by a featureless continuum 
from AGN-heate d hot dust or from sta rs younger than a 
few million years l)Leitherer et alfl 999ft can decrease the 
COgpcc values. Based on CO spec values, there is no ex- 
plicit AGN evidence in IC 860 and CGCG 1510.8+0725. 

The if-band spectrum of CGCG 1510.8+0725 shows 
strong H2 em i ssion features, as with NGC 4418 
Ijlmanishi et all 12004ft . For NGC 4418, strong 
H2 emission lines and other observational properties 
are naturally explained b y a p o werful buried AGN 
lIDudlev fc Wvim-Williamsl Il997l ISpoon et alJ l200ll 
Iman ishi et al.l 12004ft . However, the signal-to-noise ra- 
tios for CGCG 1510.8+0725 are not good enough to in- 
vestigate in a quantitatively detailed manner whether the 
strong H2 emission originates in a buried AGN or other 
mechanisms related to starbursts. 

5. DISCUSSION 
5.1. Detected modestly obscured starbursts 



3.3 /im PAH emission, a signature of starbursts, is de- 
tected in six of nine observed infrared luminous galaxies. 
Since dust extinction in the L-band is about 0.06 times 
as large as that in the optical V-band (A = 0.6 /im; Rieke 
& Lebofsky 1985), the flux of the 3.3 /im PAH emission is 
not significantly attenuated (<1 mag) if dust extinction 
is less than 15 mag in Ay- Thus, the observed 3.3 /im 
PAH emission luminosities are a good measure of the ab- 
solute luminosity of modestly obscured (Ay < 15 mag) 
starburst activity. 

Table 3 summarizes the observed 3.3 /im PAH to in- 
frared luminosity ratios (L3.3PAH/L1R,). The ratios are 
factors of 3 to >10 lower than those reported for mod- 
estly obscured starbursts (~10~ 3 ; Mouri et al. 1990; 
Imanishi 2002). If these ratios are taken at face value, 
the detected modestly obscured starbursts can account 
for only some fraction of the infrared luminosities of these 
galaxies. The infrared luminosities must therefore be 
dominated by AGNs and/or very heavily obscured (Ay 
>> 15 mag) starbursts. 

5.2. AGNs obscured by torus-shaped dust in optical 
Seyfert 2s 

IRAS 04154+1755, Cygnus A, and 3C 234 are clas- 
sified optically as Seyfert 2s (Table 1). Their optical 
Seyfert 2 classifications indicate that (1) the AGNs are 
obscured along our line of sight by torus-shaped dust, 
(2) a large amount of the AGNs' ionizing photons are es- 
caping along the torus axis, and (3) emission lines, origi- 
nating in the well-developed narrow line regions (NLRs) , 
are strong and clearly detectable in the optical spectra. 
For these optical Seyfert 2s, the presence of obscured 
AGNs is much more certain than in other infrared lu- 
minous galaxies with no optical Seyfert signatures (non- 
Seyferts). Hence, it is useful to test whether our L-band 
spectroscopic method can succeed in detecting AGN sig- 
natures in these optical Seyfert 2s. 

For Cygnus A and 3C 234, the 3.3 /im PAH equivalent 
widths (Table 3) are more than an order of magnitude 
lower than those of typical starburst galaxies (EW3.3PAH 
~100 nm; Moorwood 1986; Imanishi & Dudley 2000). 
The observed L-band fluxes must be dominated by PAH- 
frcc emission, most plausibly a featureless continuum 
from AGN-heated hot dust. Thus, our L-band spec- 
troscopy has successfully revealed AGN signatures in 
these two optical Seyfert 2s. 

For 3C 234, the [Mg VIII]3.028/im emission line is de- 
tected. The ionization potential of the [Mg VIII] line 
is as high as 224.9 eV, and this emission lin e has been 
detected in several nearby Seyfert galaxies l|Lutz et alJ 
l2000HSturm et all2002UMarco fc Brooksl2003ft . The de- 
tection of such a high excitation forbidden emission line 
requires a very hard radiation field, further supporting 
the presence of an AGN. 

The [Mg VIII] luminosity of 3C 234 is larger than the 
prototypic al nearby Seyfert 2 gala xy NGC 1068 by a fac- 
tor of 40 l)Marco fc Brooks! 12003ft . The observed 2-10 
keV X-ray luminosity from the AGN in NGC 1068 is es- 
timated to be ~1 x 10 41 erg s s" 1 , but this is be lieved 
to be a reflected component llKovama et al.lll 989ft. As- 
suming a reflected fraction of 0.01 l)Pier et al .1994|, the 
intrinsic 2-10 keV luminosity in NGC 1068 is Lx(2-10 
keV) ~ 10 43 ergs s" 1 . If the [Mg VIII] to 2-10 keV lu- 
minosity ratio in 3C 234 is similar to that of NGC 1068, 
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then the predicted 2-10 keV luminosity for 3C 234 is 
Lx(2-10 keV) ~ 4 x 10 44 ergs s" 1 , which is roughly 
comparable to the mea sured value of ~1 x 10 44 ergs s _1 
ijSambruna et al.l ll9991 . 

For IRAS 04154+1755, the presence of an AGN is less 
certain than for Cygnus A and 3C 234, if we consider 
the EW3.3PAH value (~60 nm for IRAS 04154+1755; Ta- 
ble 3). However, the relatively large EW3.3PAH value in 
IRAS 04154+1755 is probably the consequence of the 
strong (T3.1 ~ 0.9) 3.1 /im H2O ice absorption. This ab- 
sorption feature strongly attenuates the AGN-originatcd 
flux and reduces the dilution of the 3.3 /im PAH emission 
by an AGN continuum, making the EW3.3PAH value rel- 
atively large, even in the presence of a powerful obscured 
AGN. We therefore search for signatures of an obscured 
AGN based on a r 3 .i value. 

As mentioned in §1, and in more de t ail i n 
llmanishi k, Malonevl ©03) and llmanishi et all l)2006j) . 
T3.1 values can be used to distinguish between a normal 
starburst (mixed source/dust geometry, small T3.1) or 
an obscured AGN (centrally-concentrated energy source 
geometry, large T3.1). Since the fraction of dust cov- 
ered with an ice mantle in the majority of infrared lu- 
minous galaxies is likely to be smaller than the well- 
studied less infrared- luminous starburst galaxy M82, 
beca use of harsher radiation environment in the for- 
mer ijSoifer et all 1200(1 1200 ll) . T3.1 larger than 0.3 sug- 
gests a centrally-concentra t ed energy source ge ometry 
iflmanishi fc Malonevl 120031 llmanishi et "all EQ06) . The 
large observed T3.1 of IRAS 04154+1755 (~0.9) strongly 
indicates a centrally-concentrated energy source, such as 
an obscured AGN. We note that IRAS 04154+1755 is 
located close to the Galactic Taurus molecular clouds, 
but no significant molecular ga s is detected in the exact 
direc tion of IRAS 04154+1755 l|Ungerechts & Thaddeusl 
1987). Furthermore, the wavelength range in which H2O 
ice absorption is strong in Figure 1 is similar to that ex- 
pected from the profile of GL 2591 redshifted with z = 
0.056, rather than z = 0. Thus, the strong 3.1 /im H2O 
absorption in IRAS 04154+1755 is believed to be nuclear 
in origin. 

In summary, our L-band spectroscopic method suc- 
cessfully provides AGN evidence for the three optical 
Seyfert 2s, which are known to possess lum i nous A GNs 
behind torus-shaped dust. Imani shi et al.l (2006) also 
detected AGN signatures in the L-band spectra of all 
observed ultraluminous infrared galaxies classified opti- 
cally as Seyferts. We can therefore conclude that our 
L-band spectroscopic method is at least as effective as 
conventional optical spectroscopy for the purpose of find- 
ing AGNs obscured behind dust. However, the question 
of how much more effective our L-band method is de- 
pends on the detection rate of buried AGNs in optical 
non-Seyfert galaxies. 

5.3. Buried AGNs m NGC 828 and NGC 1311 

Among the six observed optical non-Seyfert galaxies 
(NGC 828, IRAS 15250+3609, IRAS 17208-0014, NGC 
1377, IC 860, and CGCG 1510.8+0725), the EW 3 3 pah 
values of NGC 828 and NGC 1377 are < 20 nm. Star- 
burst galaxies have an average value of EW3.3PAH ~ 
100 nm, with some s catter, but never lower than —40 
nm l)Moorwoodlll986|) . The small EW 3 3 pah values of 
NGC 828 and NGC 1377 suggest that powerful AGNs are 



present, which heat up dust grains and produce strong 
PAH-free featureless continua that dilute the 3.3 /im 
PAH emission from starbursts. Our L-band spectroscopy 
thus newly reveals buried AGN signatures in two optical 
non-Seyfert galaxies. 

The L-band continuum of NGC 1377 is unusually red 
compared to normal starburst emission. Such red L-band 
continua have previously been observed i n the ultralu- 
mino us infrared galaxies Su perantennae flRigalrti et alJ 
2003) and IRAS 08572+3915 iflmanishi et alJ2006j) . both 
of which show very weak 3.3 /im PAH emission and are 
therefore classified as obscured-AGN-dominated. Very 
highly reddened hot dust emission heated by an obscured 
AGN is the most natural explanation for the extremely 
red L-band continuum of NGC 1377 ijRisaliti et alJ 
2006). The observed T3.4 value of 0.17 corresponds to Ay 
= 25-40 mag, or A 3 . 5/jm = 1.4-2.5 mag if the Galactic 
dust extinction curve is adopted. Thus, the dereddened 
luminosity heated by an AGN is v\j v (i.%[im) — 0.4-1 x 
10 43 ergs s~ x , which can account for a significant fraction 
of the infrared luminosity of NGC 1377 (L m - 3 x 10 43 
ergs s _1 ). 

5.4. Weak signatures of buried AGNs in IRAS 
11208-0014 and CGCG 1510.8+0125 

For the two optical non-Seyfert galaxies IRAS 
17208-0014 and CGCG 1510.8+0725, some indications 
of buried AGNs might be present. 

For IRAS 17208-0014, the large T3.1 value of -0.4 sug- 
gests a centrally-concentrated energy source, such as a 
buried AGN, if the fraction of ice-covered dust is com- 
parable to or smaller than th at in the well - studie d star- 
burst galaxy M82. However, iSoifer et all l)2000[) found 
that the mid- infrared 12.5 /im dust emission from IRAS 
17208—0014 is dominated by spatially extended compo- 
nents, with no prominent core, indicating that dust emis- 
sion at this wavelength is dominated by extended star- 
burst activity. The estimated surface brightness of IRAS 
17208—0014 is exceptionally low compared to other ul- 
traluminous infrared galaxies (Lir > 10 12 Lfn), and ca n 
even be smaller than that of M82 l|Soifer et all {20001. 
Hence, the fraction of ice-covered dust can be larger 
than that in M82, because of a weaker radiation density 
in IRAS 17208-0014. Unlike the majority of other in- 
frared luminous galaxies, the observed T3.1 value of ~0.4 
in IRAS 17208-0014 could be reproduced by a mixed 
source/dust geometry (§5.2). Millimeter interferometric 
observations, based on the HCN (J = 1-0) to HCO+ (J = 
1-0) ratio in brightness temperature, have suggested that 
a buried AGN might be present, but failed to reveal clear 
AGN evidence (Imanis hi et all2006fl . For this source, al- 
though absorption features at 5 -11.5 um are foun d, 6.2 
/im PAH emission is also strong l)Spoon et al.12 002'). The 
presence of a luminous buried AGN in IRAS 17208-0014 
has not been explicitly indicated in any available data 
and so is currently unclear. 

For the weak [CII] emitter CGCG 1510.8+0725, strong 
H2 emission might originate in a buried AGN (§4.2), 
but the buried AGN evidence is not strong. Although 
the presence of a strong buried AGN is one possibil- 
ity to explain th e small [CII] to far-in f rared continuum 
luminosity ratio l)Malhotra et alJll997l l2?KTTh . scenarios 
that do not invoke a powerful buried AGN, such as 
large radiation density or optical depth effects in star- 
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bursts l|Malhotra et al Jl 1 9971 1200 1^ . could be alternative 
possibilities for the weak [CII] emission. It is unclear 
whether CGCG 1510.8+0725 does in fact possess a lu- 
minous buried AGN. 

5.5. No explicit buried AGN signatures in IC 860 and 
IRAS 15250+3609 

For the remaining two optical non-Seyfert galaxies IC 
860 and IRAS 15250+3609, no explicit buried AGN 
signatures are evident in our spectra. For the weak 
[CII] emitter IC 860, it is unclear whether there is in- 
deed a powerful buried AGN, as in the case of CGCG 
1510.8+0725 (§5.4). 

IRAS 15250+3609 shows strong absorption features, 
with very weak PAH emission in its mid-infrared 5-11.5 
/im spectrum. These mid-infrared properties are very 
similar to NGC 1377, and yet the L-band spectra are very 
different, in that only NGC 1377 shows strong buried 
AGN signatures. This discrepancy probably derives from 
the different overall spectral energy distributions. Fig- 
ure 3 shows infrared 1-11.5 /mi spectral energy distribu- 
tions of NGC 1377 and IRAS 15250+3609. The emission 
at 5-11.5 /Ltm is dominated by dust emission powered 
by obscured energy sources (starbursts and/or AGNs), 
whereas that at 1-2.5 /im originates in foreground stel- 
lar emission. The signatures of obscured AGNs can only 
be detected in the L-band spectra if AGN-heated hot 
dust emission contributes significantly to the observed 
L-band flux. 

In Figure 3 (Left), the L-band emission of NGC 1377 is 
smoothly connected to the longer wavelength dust emis- 
sion spectrum observed with ISO, which is judged to be 
powered by an obscured AGN, because of strong absorp- 
tion and lack of PAH emission features l)Laureiis et al.l 
12000ft . Detection of strong AGN signatures in the L- 
band spectrum of NGC 1377 is possible primarily be- 
cause the AGN-heated dust emission is a dominant com- 
ponent at L. In contrast, the L-band emission of IRAS 
15250+3609 (Figure 3, Right) corresponds to a transi- 
tion between stellar and dust emission. The shorter part 
of the L-band spectrum (<3.5 /im) is likely to be dom- 
inated by foreground stellar emission, which is why we 
missed clear AGN signatures in our L-band spectrum 
of IRAS 15250+3609, despite its 5-11.5 fim spectrum 
strongly suggesting the presence of a powerful obscured 
AGN. 

6. SUMMARY 

We reported infrared L-band spectroscopic results for 
nine infrared luminous galaxies that may possess sig- 
natures of AGNs hidden behind dust based on obser- 
vational data at other wavelengths. A radio to far- 
infrared excess galaxy (IRAS 04154+1755), four sources 
that exhibit absorption features in the 5-11.5 /^m spectra 
(NGC 828, IRAS 15250+3609, IRAS 17208-0014, and 
NGC 1377), two weak [CII] 158/im emitters (IC 860 and 
CGCG 1510.8+0725), and two narrow-line radio galaxies 
(Cygnus A and 3C 234) were observed. Using the 3.3 /zm 
PAH emission feature, the [Mg VIII] 3.028 /im emission 
line, and absorption features at 3.1 /im from ice-covered 
dust and at 3.4 /im from bare carbonaceous dust, we 
searched for signatures of obscured AGNs in our L-band 
spectra. For the two weak [CII] emitters, A'-band spectra 
were also simultaneously taken. We found the following 



main results: 

1. For two optical Seyfert 2 galaxies (Cygnus A and 
3C 234), our results strongly suggested that the 
observed L-band spectra are dominated by a PAH- 
free featureless continuum, originating in AGN- 
heated hot dust, because of very small 3.3 /im PAH 
equivalent widths. A strong detection of the [Mg 
VIII] 3.028 ^m line in the L-band spectrum of 3C 
234 also supported the presence of a luminous AGN 
behind torus-shaped dust in this source. 

2. For another optical Seyfert 2 galaxy, IRAS 
04154+1755, an energy source that is more cen- 
trally concentrated than dust was suggested from 
the large optical depth of the 3.1 /im dust absorp- 
tion feature (ra.i ~ 0.9). An obscured AGN is a 
natural explanation for this energy source, because 
in normal starburst galaxies, stellar energy sources 
and dust are spatially well mixed. 

3. Our L-band spectroscopic method succeeded in de- 
tecting clear AGN signatures in all three optical 
Seyfert 2s known to possess powerful AGNs behind 
torus-shaped dust. This means that as a tool for 
finding obscured AGNs, our L-band spectroscopic 
method is at least as powerful as conventionally 
used optical spectroscopy. 

4. Among the remaining six optical non-Seyferts 
(NGC 828, IRAS 15250+3609, IRAS 17208-0014, 
NGC 1377, IC 860, and CGCG 1510.8+0725), 
strong AGN signatures were found in NGC 828 and 
NGC 1377, based on their very small 3.3 /im PAH 
equivalent widths. NGC 1377 showed a very red L- 
band continuum, which also supports the obscured- 
AGN-dominated nature of this galaxy. The detec- 
tion of AGNs in the two optical non-Seyferts clearly 
indicated that our L-band spectroscopic method is 
more effective than optical spectroscopy in finding 
obscured AGNs. 

5. IRAS 17208-0014 and NGC 1377 may have shown 
3.1 //m and 3.4 /im dust absorption features with 
optical depths of T3.1 ~ 0.4 and T3.4 ~ 0.17, respec- 
tively. The large r 3 .i value of IRAS 17208-0014 
indicated a centrally-concentrated energy source, 
such as a buried AGN, if the fraction of ice-covered 
dust is similar to or smaller than that in the well- 
studied starburst galaxy M82. 

6. Strong H2 emission found in the A-band spec- 
trum of the weak [CII] emitter CGCG 1510.8+0725 
might come from phenomena related to a buried 
AGN, like another weak [CII] emitter NGC 4418. 

7. For IRAS 17208-0014 and CGCG 1510.8+0725, 
possible buried AGNs signatures were found, but 
weak. For IC 860 and IRAS 15250+3609, we failed 
to provide any explicit buried AGN evidence in our 
spectra. The non-detection of buried AGN signa- 
tures in IRAS 15250+3609 was explained by its 
infrared 1-11.5 /im spectral energy distribution, 
where foreground stellar emission is dominant at 
L. However, for the remaining three optical non- 
Seyfert galaxies IRAS 17208-0014, IC 860, and 
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CGCG 1510.8+0725, the evidence for buried AGNs 
at other wavelengths is also very weak. The ab- 
sence of buried AGN signatures in these sources 
may be due to their starburst-dominated nature. 
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TABLE 1 

Infrared Emission Properties of the Observed Infrared Luminous Galaxies 



vjDject 


rv CQSillit 


f 


125 


100 


tioo 


l°g ^IR (l°g -^IR/^©j 


125/160 


Optical 






(Jy) 


(Jy) 


(Jy) 


(Jy) 


(ergs s _1 ) 




Class 




(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


IRAS 04154+1755 


0.056 


0.20 


0.71 


3.82 


5.84 


45.4 (11.8) 


0.19 (C) 


Sy2 (i) 


NGC 828 


0.018 


0.70 


1.03 


10.9 


22.8 


44.9 (11.3) 


0.09 (C) 


HII (ii) 


IRAS 15250+3609 


0.055 


<0.20 


1.32 


7.29 


5.91 


45.6 (12.0) 


0.18 (C) 


LINER (iii) 


IRAS 17208-0014 


0.042 


0.20 


1.66 


31.1 


34.9 


45.9 (12.3) 
43.5 (10.0) a 


0.05 (C) 


HII (iii) 


NGC 1377 (IRAS 03344-2103) 


0.005 


0.44 


1.81 


7.25 


5.74 


0.25 (W) 


unknown (iii) 


IC 860 (IRAS 13126+2452) 


0.013 


<0.09 


1.27 


17.9 


18.1 


44.6 (11.0) 


0.07 (C) 


unknown (iii) 


CGCG 1510.8+0725 (Zw 049.057) 


0.013 


<0.09 


0.77 


20.8 


29.4 


44.7 (11.1) 


0.04 (C) 


HII (iii) 


Cygnus A 


0.056 


<0.25 


1.06 


2.33 


<8.28 


45.1-45.4 (11.6-11.9) 


0.46 (W) 


Sy2 (iv) 


3C 234 


0.185 


0.16 


0.26 


0.23 


<0.35 


45.8 (12.2) 


1.12 (W) 


Sy2 b (v,vi,vii) 



Note. — Col.(l): Object. Col. (2): Rcdshift. Col.(3)-(6): i 12 , hs, lea, and f 10 o arc IRAS FSC fluxes at 12, 25, 60, and 100 fun, 
respectively. Col. (7): Decimal logarithm of infrared (8— 1000 /im) luminosity in e rgs s -1 calculated with Lir — 2.1 X 10 39 X D(Mpc) 2 X 
(13.48 X /12 + 5.16 X / 25 + 2.58 X feo +/100) ergs s" 1 ISanders fc Mirabell996D . The values in parentheses are the decimal logarithms of 
the infrared luminosities in units of solar luminosities. Col. (8): IRAS 25 fim t o 60 (im flux ratio (f 2s/f6o)- Galaxies with f25/feo < 0-2 and 

and " W"), re spectively (^adersjet^JlOS^) . Col. (9): Optical spectral classification 
fi iil: iVeilleux et alJ il995H . (iv): IQsterbrock Miller! 119731 . (v): 
vii) : lYoung et aiTTT998l . 



and references, (i): 


Crawford et alJ 11996ft. fill: IWu et al.l 119931 


IGrandi & Osterbrock 


1 1978). (vi): lAntonueci & Barvainisl I1990D. ( 



a The infrared luminosity of NGC 1377 is lower than Lir ~ 1O 11 L0, but this source is included because there is a strong buried AGN 
signature (§ 2.2). 

3C 234 shows a broad component of optical H a emission jGrandi fc qsterbroclll978ft . but it is more likely to be a scattered component 
than a direct component lAntonueci & Bar^ainid|1990l|Youn^^^il!lT993i ~We optically classify this source as a Seyfcrt 2. 



TABLE 2 
Observing log 



Object 






Date 


Telescope 


Integration 


P.A. 




Standard Stars 










CUT) 


Instrument 


(Min) 


(°) 


Name 


L-mag 


Type 


T cB (K) 
(9) 


(1) 






(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


IRAS 041544 


1755 


2005 


February 21 


Subaru IRCS 


32 





HR 1061 


5.1 


A0V 


9480 


NGC 828 




2005 


February 22 


Subaru IRCS 


24 





HR 761 


4.9 


F8V 


6000 


IRAS 152504 


3609 


2005 


February 20 


Subaru IRCS 


16 





HR 5630 


5.0 


F8V 


6000 


IRAS 17208- 


0014 


2005 


February 21 


Subaru IRCS 


24 





HR 6439 


4.4 


G9V 


5400 


NGC 1377 




2005 


February 20 


Subaru IRCS 


32 





HR 1532 


4.0 


G2.5V 


5800 


IC 860 




2005 


April 28 


IRTF SpeX 


92 





HR 4864 


4.5 


G7V 


5400 


CGCG 1510.8+0725 


2005 


April 30 


IRTF SpeX 


100 





HR 5567 


5.8 


A0V 


9480 


Cygnus A 




2005 


May 29 


Subaru IRCS 


24 





HR 7504 


4.7 


G2.5V 


5800 


3C 234 




2005 


February 23 


Subaru IRCS 


24 





HR 3815 


3.6 


G8V 


5400 



Note. — Column (1): Object name. Col. (2): Observing date in UT. Col. (3): Telescope and instrument. Col. (4): Net 
on-source integration time in min. Col. (5): Position angle of the slit. P.A. (Position angle) — 0° corresponds to the north-south 
direction. Col. (6): Standard star name. Col. (7): Adopted L-band magnitude. Col. (8): Stellar spectral type. Col. (9): 
Effective temperature. 



L-band spectroscopy of IRLGs 



TABLE 3 

Properties of the 3.3 /jm PAH emission 



Object 



(1) 



(xlO" 14 



f3.3PAH 
ergs s - 



(2) 



-l 



cm 



L3.3PAH 
2 ) (xl0 41 ergs s" 1 ) 
(3) 




IRAS 04154+1755 
NGC 828 
IRAS 15250+3609 
IRAS 17208-0014 
NGC 1377 
IC 860 

CGCG 1510.8+0725 
Cygnus A 
3C 234 



8.0 
2.0 a 

5.5 

9.0 
<1.1 c 

3.5 

7.8 
<0.60 
<2.5 



5.0 
0.10 

3.5 

3.0 
<0.005 
0.10 
0.25 
<0.4 
<20 



0.2 
0.02 
0.09 
0.04 

<0.02 
0.03 
0.05 

<0.03 
<0.3 



60 
20 
110 
80 b 
<6 
40 
110 
<6 
<1 



NOTE. — Col.(l): Object name. Col. (2): Observed flux of the 3.3 fim PAH emission. Col. (3): Observed 
luminosity of the 3.3 /tin PAH emission. Col. (4): Observed 3.3 |im PAH-to-infrarcd luminosity ratio. Col. (5): 
Rcst-framc equivalent width of the 3.3 PAH emission. Starbursts have EW~100 nm (see text). 

a Thc observed PAH profile in this source is slightly wider than the adopted template spectral shape. How- 
ever, the resulting uncertainty of the PAH flux is insignificant. We employ the same spectral template as 
other sources for consistency. 

^This value is similar to that recently estimated by Risaliti ct al. (2006) using independent data. 

c The estimated upper limit is a conservative one, by assuming the lowest plausible continuum level. How- 
ever, we interpret that an apparent excess at A rcst ~ 3.3 /jm is mostly ascribed to the artifact of the 3.4 /im 
bare carbonaceous dust absorption feature located at the longer wavelength side. 
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Fig. 1. — Infrared L-band (2.8-4.1 /im) spectra of the observed nine infrared luminous galaxies. The abscissa and ordinate are the 
observed wavelength in and flux in 10~ 16 W m~ 2 /an -1 , respectively. For CGCG 1510.8+0725, the spectrum up to A Q b s = 4.15 
(im is presented to show the detected strong Bra emission line. For sources with clearly detectable PAH emission, dotted lines indicate 
the fittings of the PAH emission, using the template profile (§ 4.1.1), and solid lines are the adopted continuum levels to estimate 3.3 fim 
PAH fluxes. The dashed lines in the IRAS 04154+1755, IRAS 17208-0014, and NGC 1377 spectra are adopted continuum levels, which 
are used to measure the optical depths of 3.1 ^m ice-covered (IRAS 04154+1755 and IRAS 17208—0014) or 3.4 fim bare carbonaceous 
dust absorption features (NGC 1377). In the 3C 234 spectrum, the continuum level used to measure the [MgVIII] line flux is shown as 
a solid line. The horizontal dotted straight lines, inserted between the two short vertical solid lines, at the lower part of the spectra of 
IRAS 04154+1755 and IRAS 17208—0014 indicate the wavelength range where the effects of the broad 3.1 fim ice absorption feature can 
be significant (A rcs t = 2.75-3.75 fim adopted from the spectrum of GL 2591; Smith ct al. 1989). 
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Infrared K"-band (2.0-2.5 /im) spectra of two sources observed with IRTF SpeX (IC 860 and CGCG 1510.8+0725). The 

- The dotted lines inserted 



abscissa and ordinate are the observed wavelength in [im and flux in 10~ 15 W m~ 2 (im -1 , respectively, 
between the two vertical lines indicate the wavelength range of the CO absorption feature at A rcs t = 2.31-2.40 fim. The dashed lines are 
the continuum levels adopted to measure the strengths of the CO absorption feature. Some detected emission lines are indicated. S(l): H2 
1-0 S(l) at A rost = 2.122 /urn. Q(l): H 2 1-0 Q(l) at A rcst = 2.407 ^tm. Q(3): H 2 1-0 Q(3) at A rost = 2.424 ^m. Br7: Br7 emission line at 
A rcst = 2.166 )jm. 




wavelength (/i.m) wavelength (/xm) 

Fig. 3.— Infrared 1-11.5 spectral energy distributions of NGC 1377 (Left) and IRAS 15250+3609 (Right). The abscissa and ordinate 
are the observed wavelength in (im and flux F„ in Jy, respectively. Both sources show absorption-dominated 5-11.5 fim mid-infrared 
spectra, with very weak PAH emission, but the L-band spectral shapes are substantially different. Data points are from 2MASS (1-2.5 
/im), our L-band spectra (2.8-4.1 fim), and ISO spectra (5-11.5 /im). 



